An important goal for treatment of sports injuries is to have as short a recovery time as possible. The critical problem with current orthopedic implants is that they are designed to be permanent and have a high complication rate (15%) that often requires removal and replacement with a second surgery; and subsequently a second rehabilitation cycle. This study tests the feasibility of having a device that provides the needed mechanical properties, to promote healing for a specified amount of time and then degrades away to shorten recovery time. The specific strategy was to create a surface layer on a degradable metal alloy with a controllable degradation rate. Previous studies have shown the feasibility of using surface treatments to alter the surface integrity (i.e., topography, microhardness, and residual stress) leading to increased fatigue strength and a decreased degradation rate. This study was an extension of these previous studies to look at the changes in surface integrity and mechanical properties initially as well as the degradation over time for two surface treatments (shot peening and burnishing). Although the treatments improved initial properties and the burnishing treatment slowed the degradation rate, the faster degradation of the base material in vitro (compared to previous studies) probably reduced the overall impact. The study helped support the feasibility of this approach by showing the ability of the surface treatment to modify surface integrity, initial mechanical properties, and degradation rate; the degradation rate of the base material used needs to be slower and/or the surface treatment needs to create a bigger change in the degradation rate. Further it ultimately needs to be shown that the surface treatment can produce a material that will allow orthopedic devices to meet the required clinical design constraints in vivo.
Introduction
The goal for treatment of sports injuries is typically to return the athlete to the activity as soon as possible. In this article, the focus is on orthopedic sports injuries that result in breaking of bone or tearing away tissue (tendons or ligaments) from attachment to the bone, although it would be similar for non-sports related orthopedic injuries. Also, the focus is on injuries severe enough to require implanted hardware to stabilize the injury enough so it can heal.
Optimization of clinical treatment in this case normally means shorten as much as possible the healing time to regain mechanical integrity (fracture healing or strength of attachment) as well as shorten the rehabilitation time to return to pain free movement with the needed strength and flexibility. Current clinical treatment is typically metal devices (plates, pins, screws, anchors, wire, etc.). The main problems with these devices are: (1) The high complication rates (15% for internal fixation devices); and (2) That the designs interfere with healing; lengthening the rehabilitation time [1] [2] [3] [4] [5] [6] . Many of the complications (e.g., refracture of the bone) can be reduced by speeding healing. In clinical practice, implants are removed (80% of the time in many cases) to speed healing and reduce long-term complications [2, 3] . This typically requires a second rehabilitation cycle and in many cases leaves holes in the bone, which increases the susceptibility to refracture.
The strategy employed in this study is to have a design that can provide the needed internal fixation (stability of attachment) while promoting healing for a specified amount of time (depending on the type of injury and the patient healing rate) and then degrade away. This would eliminate the need to remove the device; leaving a functional repair that is as close to the original structure as possible. This would require not only healing while the device is in place, but also healing to replace any voids created as it degrades. In this case, a surface layer was created with a controllable degradation rate that is thin enough that degradation through the layer would not significantly alter mechanical properties.
There are many strategies that can be used to speed healing including stem cells, growth factors, and electrical stimulation. From a device standpoint, the more loading that can be placed on the tissue (typically bone in this case) without rebreaking the faster the healing will occur. From a design perspective, the stiffer a component is, the higher the percent of the load it is capable of handling. Choosing a material that has a modulus closer to bone (clinically used metal implants have 10 to 20 times higher modulus than bone) [7] as well as degrading away both serve to increase the loading on the bone. This study will examine the potential of a Magnesium (Mg) alloy to meet these design constraints. Mg alloys have a modulus only two times that of bone with mechanical strength 2-6 times that of cortical bone [8] . The problem with Mg alloys currently under investigation is that they degrade too fast; losing mechanical properties too quickly for most orthopedic applications [8] . There is also concern that the fatigue strength may not be sufficient for some applications [9] . This study will show the feasibility of slowing the degradation of an Mg alloy enough to make it useful for orthopedic applications; particularly ones that require stability for at least a few months. The degradation rate, in this case, is the decrease in mechanical properties over time. The mechanical degradation is controlled mostly by material degradation, since both the stiffness and load carrying ability are proportional to the cross-sectional area.
Although there are different ways to slow the degradation of an Mg alloy, this study will focus on using surface treatments to create a surface layer with a decreased degradation rate that can also increase fatigue strength. For many other applications, it is known that modifying the surface integrity of a material can affect both mechanical and degradation properties. Several studies have shown the effects of Laser Shock Peening (LSP) [10] [11] [12] [13] [14] [15] [16] [17] , burnishing [18] [19] [20] [21] [22] [23] [24] , and shot peening [25] [26] [27] [28] [29] [30] [31] [32] [33] on corrosion and fatigue performance. Specifically, techniques to mechanically induce increased residual stress in a surface layer have been shown to increase fatigue strength and slow the degradation rate.
The objective of this study was to show the feasibility of using surface treatments (shot peening and burnishing) to increase the fatigue strength and slow the degradation rate of an Mg alloy enough to make it useful for the orthopedic sports injuries described earlier. Specifically, the goal was to characterize changes in surface integrity (i.e., topography, microhardness, and residual stress) and the resultant changes in mechanical properties initially as well as after in vitro degradation. Part of this study was also to begin the process of determining the relationship between surface treatment and degradation rate.
Materials and Methods
Magnesium Calcium (MgCa) implants were processed with the mechanical surface treatments burnishing and shot peening to impart favorable mechanical properties that would impede corrosion and loss of structural integrity. After corroding in Hank's solution, orthopedic pins were subjected to three-point bending in order to quantify the loss of structural integrity over time. The following sections identify the materials and methods for the surface treatment, surface integrity characterization, degradation testing, and mechanical behavior.
Sample preparation
Square MgCa alloy (0.8 wt % calcium) pins were machined from 38.1 mm diameter round bar stock to the final dimensions of 6.35 × 6.35 × 28 mm (Figure 1 ). The round bar was milled to rectangular bricks and sectioned into pins using a diamond saw under flood coolant conditions. Once sectioned into pins, each face was ground with 1200 grit silicon carbide pads. After grinding, shot peening and burnishing were applied to the external surfaces (excluding the ends). There were 15 samples for each surface treatment condition: Three for surface integrity characterization, nine for corrosion and mechanical degradation tests, and three for fatigue tests. The elastic modulus of MgCa was approximately 45 GPa and the ultimate compressive strength was 154 MPa. More mechanical properties related to this material can be found in Guo et al. [34] .
Surface treatment procedures
Shot peening: Shot peening is a mechanical process where media (e.g., metal, ceramic, or glass beads) is shot at high velocity to deform the surface of a work piece (Figure 2a) . The plastic deformation from shot peening induces deep compressive residual stresses below the surface. The stochastic nature of the peening process results in a random distribution of craters that increases the surface roughness. The critical process variables that affect surface integrity are the bead diameter, bead material, air pressure, and coverage.
In this study, glass beads were shot at 20 psi and 80 psi for approximately 30 s on each surface. The distance between the target and nozzle was approximately 10 mm and the number of reversals (i.e., passes) was approximately 20. Glass beads were chosen as opposed to steel beads to prevent contamination of the surface that could have resulted in galvanic corrosion. The average bead diameter was between 0.25 and 0.425 mm.
Burnishing:
Burnishing is an effective surface treatment for large area implants, such as orthopedic plates used for trauma fracture fixation. Ball burnishing is a mechanical process where a hydrodynamic ball applies a force in rolling/sliding contact to plastically deform the surface of a workpiece ( Figure 2b ). Although the surface roughness typically decreases after burnishing, the plastic deformation induces deep compressive residual stresses well below the surface. The critical process variables that affect surface integrity are burnishing force and ball diameter.
In this study, a 12.5 mm diameter ceramic ball (Ecoroll HG12.5) was used to burnish the surface of MgCa at loads of 10 and 40 kg. A Cincinnati Arrow 500 CNC machine was used to conduct burnishing 
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Surface integrity characterization
Surface integrity can significantly affect the degradation rate and subsequent strength of a medical device. Isolating the influence of individual surface integrity metrics on the degradation rate is a challenging problem. Instead, the combined effect of all the surface integrity modifications must be investigated. For example, some of the effects of increasing the surface roughness (increased degradation rate) can be reversed by increasing the hardness and compressive residual stress. In this study, surface integrity was characterized by topography, microhardness, and residual stress. The procedure and results are presented below.
Surface topography: Surface topography can significantly influence the degradation rate. A rougher surface will typically have a higher corrosion rate since the surface area exposed to the solution increases. Surface topography was analyzed using a Keyence VHX Digital Microscope. The scan area was approximately 800 µm by 1200 µm. Roughness (Ra) was measured along the X and Y (planar) directions of the surface. Measurements were repeated five times.
Microhardness:
Microhardness is another key indicator of degradation rate. Vickers microhardness was measured using a Buehler Hardness Tester on and below the surface. The load was 500 g, and the dwell time was 15 s. The spacing between measurements was approximately 188 µm. Measurements were repeated three times.
Residual stress: Residual stress is an influential factor that affects the degradation rate and the subsequent strength of a degraded implant. Residual stress was analyzed on and below the surface of an MgCa implant using a Proto iXRD Reidual Stress Analyzer. A Cobalt-Kα source (0.179 nm) was used at a 20 kV voltage and 4 mA current. The 2θ angle was 141° and the crystallographic plane was 204. Measurements on the top surface were repeated 5 times. The average error was 4.14%. To measure subsurface residual stress, samples were electro-polished in 20 µm increments which corresponded to 45 s of polishing time in the electrolyte. The electrolyte contained 375 mL of phosphoric acid, 625 mL of ethanol, and 300 mL of deionized water. The voltage and current for electro-polishing were 20 V and 2.6-2.7 A, respectively.
Material degradation testing
The objective for the material degradation tests was to characterize the degradation rate using immersion at various time points until fully degraded. In magnesium degradation, hydrogen gas evolves with the dissolution of magnesium. In fact, the dissolution of magnesium (i.e., degradation rate) can be determined by measuring the amount of hydrogen gas produced [35] . The overall degradation of magnesium in a neutral or basic solution can be represented by:
Therefore, the dissolution of one mole of Mg (or binary Mg-alloy) corresponds to the generation one mole of Hydrogen gas (H 2 ). Since one mole of gas is equivalent to approximately 22.4 L at standard temperature and pressure and the mass of one mole of Mg is 24.305 g, the generation of l L of H 2 at 37°C corresponds to approximately 1 g of dissolved Mg.
In this study, MgCa pins were placed in Hank's solution to simulate body fluid with sodium bicarbonate as a buffer. The buffer helped maintain a stable pH. The solution was stirred and kept at a constant 37°C. The solution was changed once a week. After one week, the pH increased from 8 to 10. The experimental setup to collect hydrogen (H 2 ) is shown in Figure 3 . Custom graduated beakers were produced that allowed solution to flow across the sample while capturing the H 2 gas. Samples were oriented vertically. Once the chamber filled with gas, the beaker was reset by releasing the H 2 and recording the date and time.
Mechanical degradation testing
The objective for this experiment was characterizing the mechanical degradation rate at multiple time points during a long term immersion test. There were nine samples for each surface treatment condition and an untreated control. Three samples from each condition were removed from the Hank's solution at two time points (1 week and 2 weeks) to measure three-point bending strength. Three-point bending was conducted on an MTS Landmark System (Model 642.10B) under displacement control (Figure 4 ).
Fatigue testing
The objective of the fatigue tests was to measure the fatigue life of shot peened and burnished orthopedic MgCa pins. The results were compared to an as-machined pin. Due to the rapid corrosion rate, fatigue data was limited to non-corroded samples. Three-point bending fatigue was performed at 30 Hz with a maximum load of 800 N and a 
Results
Surface integrity
Surface topography: Surface roughness and topography maps from the as-machined, shot peened and burnished samples are shown in Figures 5 and 6 , respectively. Error bars indicate the maximum and minimum measurements. As expected, shot peening produced the roughest surface. At a high shot peening pressure (80 psi), the surface roughness (Ra) was 3.5 times that of the as-machined surface. Burnishing smoothed the machined surface as evidenced by the decrease in Ra. It should also be noted that the burnished surface roughness exhibited directionality that can be seen in Figure 6 .
Microhardness:
Microhardness results are presented in Figure 7 . Shot peening and burnishing were found to increase the microhardness over an as-machined sample. The 40 kg burnished surface exhibited the highest hardness that extended more than 2 mm below the surface. The hardness was nearly 60% higher than the as-machined sample in the first 500 µm. Shot peening at 80 psi and burnishing at 10 kg also increased the microhardness by approximately 30% over the as-machined sample in the first 500 µm. Shot peening at 20 psi did not significantly alter the subsurface microhardness beyond 300 µm.
Residual stress:
Residual stress for the surface and subsurface is shown in Figure 8 . Burnishing was the only surface treatment procedure to exhibit a significantly higher compressive residual stress over the as machined samples. Burnishing at 40 kg extended nearly 150 microns below the surface. The maximum compressive residual stress was approximately 128 MPa nearly 100 µm below the surface.
Material degradation rate
The evolved hydrogen (mL) and the corresponding degradation rate (mm/year) for shot peened and burnished MgCa pins are shown in Figures 9 and 10 , respectively. The highest degradation rates were typically five to seven days after initial immersion. The magnitude was between 25 and 35 mm/year (11.9-16.7 mg/cm 2 /day) which is considered very high for Mg alloys. As a general trend, the degradation rates increased in the first week followed by a steady deceleration in weeks two and three. degradation rate to twice that of the as-machined samples in the first week. In weeks two and three, the average degradation rate was nearly 30% less than the as-machined samples. There was no significant difference among shot peening conditions. For burnishing, the average degradation rate in the first six days decreased by 14 and 29% over the as-machined sample at 10 and 40 kg loads, respectively. Weeks two and three experienced equivalent increases in the degradation rate over the as-machined samples.
Mechanical degradation
The bending strengths of a shot peened and burnished MgCa implants as material degradation progressed for two weeks is shown in Figure 11 . Samples that were degraded for three weeks had dissolved to a point where mechanical testing was not feasible. The maximum load (stress) for uncorroded samples ranged between 1.3 (150 MPa) and 2 kN (230 MPa). Prior to degradation, shot peening had no effect on the strength compared to as-machined samples; the average maximum load was 1.31 kN. In contrast, burnishing at 10 and 40 kg was found to increase the strength 14 and 40%, respectively, over as-machined samples prior to degradation.
In one week, the load carrying capacity of MgCa pins decreased by 50 and 80% in 2 weeks (Figure 11a ). For shot peening (Figure 11b) , the degradation rate and subsequent loss of mechanical strength was faster than the control as evidenced by a greater volume of evolved H 2 with a lower maximum strength. As shown in Figure 11c , the burnished samples exhibited higher strengths and lower degradation rates over the control samples after the first week. This indicates burnishing was able to slow the loss of mechanical strength during degradation. After two weeks, samples burnished at 40 kg still exhibited a higher strength over the as-machined control. The most significant aspect of these results is that surface treatments have proven to influence the rate at which a magnesium implant's strength diminishes.
Fatigue life
Each surface treatment condition exhibited a higher fatigue life over the as-machined samples (Figure 12 ). Burnishing exhibited the highest average fatigue life ranging between 1.2 and 1.6 million cycles. The shot peened samples had more scatter than burnishing. Samples included within the circle did not break. It is expected that the fatigue life from burnishing might be much higher had the test been allowed to continue.
Discussion
The long-term goal of this line of research is to develop a material that can be used in orthopedic hardware devices to reduce recovery time, after injury, over current treatments. Part of this is to have a material that can be easily tailored to a particular application and the clinician's design constraints. The overall problem is that current treatment is too costly and needs to be more efficient. The cost (time, money, and resources) could be significantly reduced by reducing the complication rate and/or rehabilitation time. Both can be improved by speeding the healing and eliminating the need for removal surgery (requiring a second rehabilitation cycle).
The development of degradable metal orthopedic devices that speed healing, reduce complication rates, and eliminate removal surgery would significantly reduce costs for internal fixation procedures. These current internal fixation devices are used in many procedures with overall costs in the billions each year. There are multiple parts of the body where these devices are used, including: lower extremities ($1B yearly global market), upper extremities ($1.4B yearly global market), and spine ($8B yearly global market) [1] [2] [3] [4] [5] [6] . This study was designed to determine the feasibility of using degradable metals for orthopedic injuries, particularly ones that need to support large loads for at least a few months, while the injury is healing. More specifically, this study determined, if creating a surface layer, with a reduced degradation rate was a worthwhile path to pursue for these applications.
In previous studies, it was shown that surface treatments (laser shock peening and burnishing) can significantly alter the surface integrity and significantly (by up to four orders of magnitude) slow the initial degradation rate of a Mg alloy (in potentiodynamic corrosion studies) [10] [11] [12] 18, 36] . This study was an extension of these previous studies to look at the changes in surface integrity and mechanical properties initially as well as the degradation over time for two surface treatments (shot peening [SP] and burnishing). It was also done to begin developing the model that could predict degradation (both material and mechanical) based on surface treatment. This was to not only determine the relationship between potentiodynamic corrosion rates (initial rates) to in vitro degradation rates but also the relationship between surface integrity changes and changes in degradation rates.
The key findings were that although the treatments improved initial properties and the burnishing treatment slowed degradation rate, the faster degradation of the base material in vitro (compared to previous potentiodynamic studies) probably reduced the overall impact. This also means that the increase in surface roughness with SP seems to have overshadowed the increased residual stress seen for the conditions studied. However, based on previous studies, if appropriate peening conditions are used, the benefit from favourably enhancing the mechanical properties (increased hardness and compressive residual stress) can overcome common premature failures caused by the higher roughness.
Although the study helped support the feasibility of this approach by showing the ability of the surface treatment to modify surface integrity, initial mechanical properties, and degradation rate; the degradation rate of the base material used needs to be slower and/or the surface treatment needs to create a bigger change in the degradation rate. The in vivo corrosion rate is still, however, the critical one and has been studied for the base materials [37] . From a design perspective, the base material probably needs to degrade at a slow enough rates that a 0.5 mm surface layer lasts at least 1/10 as long as needed. The surface treatment could then create a surface that would maintain a relatively constant cross-sectional area and therefore constant mechanical properties for the desired period-then degrade at a faster rate.
The study was not only to show the feasibility of developing the appropriate surface treatment, but also to help show why it has the potential to meet the design constraints while other designs do not. Assuming that a degradable material is required to meet the design constraints, it has been shown that polymers, ceramics, and polymer/ ceramic composites either do not have sufficient mechanical properties initially or lose mechanical properties too quickly; since in many cases they breakdown all at once versus surface erode [7] . That leaves the use of degradable metals, but they also degrade too fast. The question becomes are other techniques of slowing the degradation of the metal more promising than a surface treatment? The two main other competing technologies to slow the degradation rate of magnesium devices are coatings and alloying. Coatings consist primarily of Calcium-phosphate (CaP) or a polymer based material [9, [38] [39] [40] [41] [42] [43] [44] [45] . CaP coatings have been a research area in orthopedics for over 30 years [43] [44] [45] [46] [47] . It is unlikely that this technology will be able to meet all the design constraints for medical devices for short term or even long-term applications. Although there are many different processing techniques being explored, it has not been feasible to produce an adherent layer (without damaging the bulk material) that can protect the bulk material for more than a few months [43] . This is in part due to the tendency of these layers to breakdown unevenly or form cracks, which can prevent them from creating a good seal or negatively affecting fatigue properties. Even though coatings can effectively slow the corrosion rate, they lack the capability to improve the mechanical integrity, i.e. impart a compressive residual stress, increase microhardness, or refine the microstructure of the base material. Furthermore, the limits of coatings are not known and studies suggest they only last a few weeks to 2 months [38] [39] [40] . Therefore, with current technology, it has been impossible to either prevent compromising the base material or have a coating that is adherent, stable, and crack free enough to prevent corrosion of the underlying material for a sufficient period. In addition, this strategy does not lend itself well to tailor-ability. Meaning for every application that requires a different degradation rate for the surface layer a new formulation would need to be produced. This would mean not only a longer development time, but a bigger hurdle for the regulatory process.
Although alloying can slow degradation an order of magnitude or more, this still would not be sufficient for most applications [9, 43] . The addition of rare earth metals has shown the most promise for improving the strength, but biocompatibility remains uncertain [9, 43, 48, 49] . In addition, this strategy also does not lend itself well to tailor-ability. Again for every application that requires a different degradation rate a new formulation would need to be produced. This would also mean not only a longer development time, but a bigger hurdle for the regulatory process. Further, the benefit of having the device degrade away at a faster rate once it serves its purpose is lost.
Therefore, surface treatments are the only one likely to meet all these design constraints. The results of this study help show the feasibility of this approach as well as future directions to make this a reality. Specifically, surface treatments that increase residual stress (e.g., peening and burnishing) can significantly increase fatigue strength and are probably necessary to meet the demands of many of these orthopedic systems [9] . Furthermore, surface treatments have the potential to customize or tailor the degradation of an implant to meet the needs for a specific orthopedic application or patient metrics (i.e., bone density, age, sex, etc.), without changing the chemistry; just the manufacturing protocol.
This study was designed to only be a step in the development of a useful degradable metal for orthopedic applications. The biggest limitation is that this is only an in vitro study. It was, however, important to move from initial degradation rates (potentiodynamic corrosion studies) to real-time degradation in order to determine the relationship between the two. Determining the relationship between the two in vitro degradation rates and in vivo degradation is also important for reducing the cost and time of new device development. Another limitation of the study was that the base material selected degraded too fast. This not only made it difficult to examine mechanical degradation over time, but also accurately determine the difference in degradation rate through the surface layer vs. the bulk material.
Also the biocompatibility issues cannot really be addressed without an in vivo study. This was not part of the goals for this study, and has been studied extensively elsewhere [50] [51] [52] [53] [54] [55] [56] . The Mg alloy selected, however, was based on favorable results from these in vivo studies.
Since this study is only a step in the process of developing a useful degradable metal for orthopedic applications, there are multiple steps still remaining. It will be necessary to do both in vitro and in vivo studies using slower degrading base materials with a wider range of surface treatments. Not only to establish the relationship between in vitro and in vivo degradation but to have more fully developed predictive models. For device development, it will be important to have predictive models that can select candidate surface treatments to meet design constraints for a particular clinical application. There are also studies needed to commercialize the technology including regulatory approval.
Conclusions
The study met the objective of showing the feasibility of using surface treatments to increase the fatigue strength and slow the degradation rate of an Mg alloy enough to make it useful for treatment of orthopedic sports injuries. Additionally, it moved closer to developing a surface treatment that could actually meet the design constraints for these devices in vivo. Further, by showing feasibility, it validated the utility of using this approach, rather than coating or alloying, to control the degradation of the MgCa alloy.
Although this study provided critical steps in the process of developing a clinically useful material, there are still many steps left. The most critical will be proving that the surface treatment can produce a material that will allow orthopedic devices to meet the required clinical design constraints.
